Abstract Leymus mollis (Trin.) Pilger (2n = 4x = 28, NsNsXmXm) possesses a number of valuable genes against biotic and abiotic stress, which could be transferred into common wheat background for wheat improvement. In the present study, we determined the karyotypic constitution of a wheat-L. mollis double disomic addition line M11003-4-4-1-1 selected from the common wheat chromosomes and two pairs of L. mollis chromosomes. DNA markers showed that the alien chromosomes from L. mollis belonged to homeologous group 5 and group 6. Evaluation of the agronomic traits revealed that M11003-4-4-1-1 was resistant to stripe rust at the adult stage, while the plant height was reduced and the 1000-grain weight was increased significantly. Therefore, the new line M11003-4-4-1-1 could be exploited as an important bridge material in chromosome engineering and wheat breeding.
D r a f t
5 applied to the development of wheat germplasm resources. Three addition lines and two substitution lines were developed from hybridization between M842 and wheat 4D and 5A nullisomic lines (Fu et al. 1996 (Fu et al. , 1997 . Zhao et al (2012) reported a multiple alien substitution line 05DM6, which was selected among F 5 progenies of octoploid Tritileymus M842-12 and T. durum L. cv. Trs372, carrying 3 pairs of chromosomes from L. mollis and 18 pairs of chromosomes from wheat. A wheat-L. mollis 3Ns(3D) disomic substitution line isolated from the F 5 progeny of octoploid Tritileymus M842-16 × T. durum cv. D4286, which was designated as 10DM57, showed high resistance to leaf rust (Pang et al. 2014 ). In our laboratory, an octoploid Tritileymus M47 highly resistant to stripe rust and powdery mildew at the adult stage was developed . And M39 was a stable derivative of 7182 and L .mollis with 2n = 56, containing 44 common wheat chromosomes and 12 alien chromosomes from L.mollis Ns genome, including 2 extra 4B chromosomes (data are unpublished).
In this study, we developed and identified a novel wheat-L. mollis double disomic addition line M11003-4-4-1-1, derived from the BC 1 F 5 progeny of common wheat cv. 7182 and M39 (2n=56) . The objectives of this study were to identify the chromosome composition of M11003-4-4-1-1 using GISH, FISH and DNA markers, and to evaluate its agronomic traits D r a f t 6 and stripe rust resistance.
Materials and methods

Materials
The materials in this study included two common wheat cultivars (2n = 6x = 42, AABBDD) 7182 and Huixianhong (HXH), Leymus (2n = 4x = 28, NsNsXmXm), M39 (2n = 56), P. huashanica Keng (2n = 2x = 14, NsNs) and a wheat-L. mollis double disomic addition line M11003-4-4-1-1, provided by College of Agronomy, Northwest A&F University.
M11003-4-4-1-1 was selected from BC 1 F 5 progeny of common wheat cv. 7182 and M39, with 7182 and L. mollis as the two parents of the derivative, and 7182 regarded as a control in the agronomic trait evaluation and also in the electrophoretic analyses, while HXH was used as the susceptible control in the stripe rust resistance tests. The Pst races employed in this study were composed of equal amount of CYR32 and CYR33, and conserved in College of Plant Protection, Northwest D r a f t 7 A&F University.
Methods
Cytological characterization
All the samples of roots and young spikes were obtained at the suitable time, respectively, and the pre-treatment of root tips and anthers were proceed as described previously (Yang et al. 2015 ). An Olympus BX-43 microscope (Japan) was used to photograph metaphase I cells which had a complete chromosomes numbers.
GISH and FISH
The total genomic DNA of L. mollis, P. huashanica and 7182 were extracted from seedling leaves according to a modified D r a f t 8 CTAB method (Cota-Sanchez et al. 2006) . With high-quality DNA for GISH probe, one additional step with chloroform was performed to purify the DNA. The total genomic DNA of L. mollis and P. huashanica was labeled with a Dig-Nick Translation Mix (Roche, Germany), respectively, without blocking DNA. The root tips were digested in 2% cellulase + 1% pectinase at 37°C for about 55-58 min (digestion times were varied among different materials), with the slides and GISH process accomplished on the basis of the previous method (Yang et al. 2015) . FISH was performed to distinguish wheat A-, B-, and D-genome and further characterized the existence of the additional chromosomes. Oligonucleotide probes pSc-119.2 (green) and pTa-535 (red) were used to analyze the chromosome constitutions, following the procedures of Tang et al (2014a, b) .
The chromosome slides were washed in 2 × SSC solution and counterstained by 4, 6-diamidino-2-phenyl-indole (DAPI) before observation. Then Olympus BX53（Japan）with a Photometrics SenSys CCD camera DP 80 was used for fluorescence signal detection and photography.
SSR and EST-STS analysis
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EST-STS markers (http://wheat.pw.usda.gov/SNP/new/pcr_primers.shtml) and SSR markers (Pestsova et al. 2000; Röder et al. 1998) were all synthesized by AuGCT SYN DNA-Biotechnology Co., Ltd of Beijing. Totally 70 pairs of SSR primers and 70 pairs of EST-STS primers for homoeologous groups 1-7 of wheat chromosomes were used in PCR amplification. Co., Ltd of Beijing. PCR assays were conducted as described above. PCR amplifications were leaded with 4 min of denaturation at 94°C, then amplifications were programmed for 38 cycles, each consisting of 45 s at 94°C, 45 s at 60°C, 2 min at 72°C and followed by a 10 min extension at 72°C before cooling to 4°C. 7.5 µL of the product was digested with
HaeⅢ ( 37°C ) for 3 h or TaqⅠ( 65°C ) for 2 h in order to obtain different polymorphism fragments, then they were fractionated by electrophoresis on 2% agarose gel.
Agronomic traits and stripe rust resistance evaluation Eight agronomic traits of the plant materials were assessed, including plant height, plant type, spike length, spikelets number per spike, florets number per spikelet, kernels number per spike, 1000-grain weight and awnedness. After harvesting, morphological traits of M11003-4-4-1-1 and its parents were examined and compared using Duncan's multiple range A mixture of Pst races composed of CYR32, CYR33 were used to evaluate resistance to stripe rust at the adult stage. L.
mollis, M39, 7182, M11003-4-4-1-1 and the susceptible control cultivar HXH were tested at the College of Agronomy, Northwest A&F University. After artificial inoculation, infection types (IT) were recorded when rust was fully developed on the susceptible control HXH. IT were based on a 0-4 scale described by Bariana and McIntosh (1993) . painted by Yang et al (2015) . Compared with the standard FISH painting, it revealed that M11003-4-4-1-1 had a full set of common wheat 42 chromosomes which showed the same karyotypes as 7182 , and meanwhile there were 4 other karyotypes that were completely different from the parent, with two of them as the same while the other two also had no difference. We observed that green signals from pTa-119.2 were absent among the four alien chromosomes, two chromosomes showed red signals in two ends, the other two displayed red signals on one half of two chromosomes.
Results
Cytological
Summarily, two pairs of L. mollis chromosomes were added into the 7182 background (Fig. 2a) . Fig. 4, Fig. 5 ) could amplified clear specific L. mollis bands in M11003-4-4-1-1 while these bands were inexistent in the wheat parent cv. 7182. Xwmc417, BQ167013, CD452468 and TNAC1674 were mapped onto the sixth homeologous group while the other four markers were mapped onto the fifth homeologous group. These results showed that 8 markers could be used as unique markers of L. mollis. Furthermore, two pairs of chromosomes added from L.
SSR, EST-STS, PLUG markers analysis
mollis in M11003-4-4-1-1 suggested they were homeologous with the fifith and sixth homeologous group chromosomes of common wheat, respectively. Therefore, M11003-4-4-1-1 is wheat-L. mollis double disomic addition line with Lm#5Ns and Lm#6Ns chromosomes.
Morphology characterization and stripe rust resistance evaluation
The average plant height of M11003-4-4-1-1 was about 20 cm shorter than that of its common wheat parent cv. 7182, but higher than that of L. mollis. The plant type, spikelets number per spike, florets number per spike and awnedness were all similar to those of cv. 7182. However, comparing with cv. 7182, the spike length and kernels number per spike were showed that the spike length, kernels number per spike, plant height and 1000-grain weight were significantly different from those of cv. 7182 (P < 0.05) ( Table 2 , Fig. 6 ).
At the adult stage, field tests demonstrated that the wheat parent 7182 (IT=3) and the control variety HXH (IT=4) were susceptible to stripe rust with the mixed Pst races CYR32 and CYR33, whereas L. mollis (IT=0) and M39 (IT=0;) was immune, and M11003-4-4-1-1 was highly resistant to stripe rust (IT=1), indicating that the stripe rust resistance in M11003-4-4-1-1 maybe come from M39, traceble to L. mollis (Fig. 7) .
Discussion
In this study, we identified the genomic constitution of M11003-4-4-1-1 by GISH, FISH and molecular markers analysis.
GISH and FISH analyses are accurate and powerful tool for tracking alien chromosomes or fragments from different intergeneric hybrids (Nakazawa et al. 2011; Danilova et al. 2014) . However, the traditional cytogenetic techniques could not Zhao et al. 2012; . In this study, FISH-GISH analysis could only show that M11003-4-4-1-1 was an addition line containing four L. mollis chromosomes, however, molecular markers could further show the details of introduced chromosomes. We obtained eight DNA markers that could amplify polymorphism L. mollis bands in M11003-4-4-1-1. In terms of the previous specific markers of 5Ns/6Ns chromosomes and these new markers, the introduced 5Ns/6Ns chromosomes from L. mollis could be detected more easily. Thus, while L. mollis was used as gene donors, these markers could be used as unique tools for tracking alien L. mollis chromosomes in common wheat background, and for efficient introgression of useful genes from wheat-related species into common wheat and comparative gene mapping.
It was found that four introduced chromosomes in M11003-4-4-1-1 were from Lm#Ns genome. In the previous study, 
